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Stress intensity factor threshold
a b s t r a c t
Hydrogen assisted cracking (HAC) is a common type of failure mechanism that can affect a wide range of
metals and alloys. Experimental studies of HAC are cumbersome due to various intrinsic and extrinsic
parameters and factors (associated with stress, hydrogen and the materials microstructure) contributing
to the hydrogen crack kinetics. The microstructure of many materials consists of diverse constituents
with characteristic features and mechanical properties which only occur in very small material volumes.
The only way to differentiate the effect of these individual constituents on the hydrogen crack kinetics is
to miniaturise the testing procedures. In this paper we present a new experimental approach to in-
vestigate hydrogen assisted crack growth in a microstructural constituent, i.e. acicular ferrite. For this
purpose, sharply notched micro-cantilevers were fabricated with a Focus Ion Beam within this selected
microscopic region. Acicular ferrite can be found in many ferrous alloys including ferritic weld metal and
has specific features that control its intrinsic susceptibility to HAC. These features were characterised via
Electron Backscatter Diffraction and the specimens were subsequently loaded under uncharged and
hydrogen charged conditions with a nano-indenter. The outcomes of the testing, demonstrated that the
threshold stress intensity factor, Kth, to initiate crack propagation in acicular ferrite ranges between
1.56 MPa m1/2 and 4.36 MPa m1/2. This range is significantly below the values of Kth reported for various
ferrous alloys in standard macro-tests. This finding indicates that the mechanisms and resistance to HAC
at micro-scale could be very different than at the macro-scale as not all fracture toughening mechanisms
may be activated at this scale level.
& 2015 Elsevier B.V. All rights reserved.
1. Introduction
Hydrogen assisted cracking (HAC) is a prevalent failure me-
chanism that affects most metals and alloys. Johnson in 1875 was
the first to report about the deleterious effects of hydrogen on the
mechanical properties of iron and steels [1]. This phenomenon is
historically referred to as Hydrogen Embrittlement (HE) because
macroscopically the presence of hydrogen in metals generally
leads to reduction in fracture energy and ductility promoting
brittle failure. The term HAC was later suggested by Beachem who
argued that hydrogen assisted crack propagation may imply mi-
croscopic deformation processes that are not necessarily the result
of the cessation, restriction, or exhaustion of ductility [2], however,
from a mechanistic point of view both designations refer to the
same phenomenon.
HAC can be classified as either Internal Hydrogen Assisted
Cracking (IHAC), which is the main focus of the current paper, or
Hydrogen Environment Assisted Cracking (HEAC). In IHAC, atomic
hydrogen can be introduced throughout the microstructure by
manufacturing operations (casting, welding, surface-chemical
cleaning, electrochemical machining, electroplating, and heat
treatment) as well as due to environmental exposure (cathodic
electrochemical reactions or gaseous hydrogen exposure). Sub-
critical crack growth can occur if a hydrogen charged material with
a susceptible microstructure is subjected to a sufficient stress level.
Meanwhile, HEAC involves the conjoint action of mechanical
loading and chemical reaction, i.e. the stress is necessary during
the hydrogen uptake to facilitate cracking. Therefore, IHAC and
HEAC are distinguished by the source of the supplied hydrogen but
share common aspects, i.e. cracking occur in both cases when the
three causal conditions are simultaneously present: (1) susceptible
microstructure, (2) sufficiently high levels of hydrogen and
(3) stress [3].
Hydrogen is widely considered as one of the future sources of
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clean energy [4]. A large scale of production, storage and trans-
portation of hydrogen is likely to be escaladed in the next few
decades. Because of the technological importance of HAC for the
past, present and future applications, greater amount of efforts
have been directed to the development of experimental and the-
oretical approaches to predict and evaluate the effect of hydrogen
on the life expectancy and integrity of structural components
[2,3,5–9]. However, HAC continues to plague applications of, spe-
cifically, high strength metals and alloys [3]. Various, often con-
troversial views [7,10–14] have been proposed to describe the
physical mechanisms by which hydrogen actually affects plasticity
and fracture resistance in metals. Detailed reviews of these ap-
proaches can be found in [3,15]. However, it is the Linear Elastic
Fracture Mechanics that provides a basis allowing the incorpora-
tion of hydrogen cracking failure mechanism into structural in-
tegrity management [16]. In accordance with this fracture theory
pioneered by Naval Research Laboratory in 1965 [17] a single stress
related parameter, the stress intensity factor, K, governs the crack
initiation and crack growth rates. This concept was confirmed by
many other studies over the past 60 years [3,18–22]. From the
structural integrity point of view three characteristics of the
fracture behaviour have to be identified experimentally: (a) a
threshold stress intensity factor, Kth (or other terminology), below
which crack does not propagate, (b) crack growth rates (da/dt) at
K4Kth and (c) fracture toughness KC. Effective laboratory methods
have been developed and standardised [23] to determine the
threshold and kinetics for hydrogen assisted cracking, which are
necessary for the safe design of structures subjected to the risk of
HAC. IHAC testing procedures may involve several stages: a frac-
ture mechanics specimen, typically fatigue pre-cracked, which can
be stressed under either constant or rising load, crack mouth
opening displacement or constant K. These procedures are sub-
stantially more complex and time consuming in comparison with
the standard fracture testing. For example, the identification of the
threshold stress intensity factor, Kth, requires several thousand
hours of testing time [23].
Due to a wide range of parameters affecting the HAC phe-
nomenon (such as the rate and mode of loading, constraint con-
ditions, hydrogen charging method, temperature, specimen size,
diverse microstructural factors, etc.) the outcomes of conventional
HAC tests demonstrate a large scatter [5]. In the development of
experimental methods to characterise HAC over the past 50 years,
a great effort has been directed to eliminate these diverse para-
meters influencing the reproducibility of the test results. In addi-
tion, the utilisation of the stress intensity factor and plane strain
conditions as well as controlled hydrogen charging allowed an
accurate measure of the mechanical stress and environmental
conditions, two main factors affecting HAC. However, the micro-
structure of metal and alloys (which is the third main factor af-
fecting HAC) typically consists of diverse constituents with specific
features and mechanical properties that only occur in microscopic
volumes. To investigate the HAC susceptibility of such small vo-
lumes it is therefore necessary to significantly reduce the size of
the specimens down to the characteristic size of the individual
microstructural constituent.
Katz et al. [24] were the first who proposed the application of
nano-indentation to examine the micro-mechanisms of hydrogen
related failures. This idea was extended by Barnoush and Vehoff
[5] who presented a method for determining the onset of plasticity
in very small volumes (perfect crystals) subjected to hydrogen
charging. Several different materials were tested with this method.
For example, it was found that hydrogen reduces the critical stress
required for the onset of plasticity. However, this method is not
capable of providing a quantitative evaluation of fracture proper-
ties similar to conventional fracture tests, such as stress intensity
factor threshold or crack growth rates. It seems that the only
viable approach for a direct quantitative evaluation of the fracture
properties of very small material volumes is the miniaturisation of
fracture specimens and testing down to micro-scale [25].
The miniaturisation of fracture tests became possible over the
past decade with an increasing efficiency and accuracy of Focused
Ion Beam (FIB) workstations, which has resulted in a reproducible
fabrication of micro-scaled specimens. Several researchers have
already employed FIB micromachining to fabricate micro-pillars
for performing compression tests on uncharged and hydrogen
charged specimens [26,27]. These experiments demonstrated the
hydrogen-deformation interrelationships at microscopic scales.
However, FIB micro-machining also allows fabricating standard
fracture specimens with microscopic dimensions [28,29]. This idea
has been realised in the current work to investigate the effects of
hydrogen on the crack kinetics in a selected microstructural con-
stituent with particular features. Sharply notched micro-canti-
levers were fabricated with a FIB into a localised region fully
consisting of acicular ferrite which is a common microstructural
constituent of ferritic weld metal and alloys. This microstructural
region has characteristic features that largely determine its me-
chanical properties as well as its susceptibility to HAC. The micro-
cantilevers were characterised via Electron Backscatter Diffraction
(EBSD) and subsequently tested under uncharged and hydrogen
charged conditions with a nano-indenter. However, HAC fracture
testing standards, developed for macro-examinations, could not be
followed precisely in our experimental campaign, specifically in
terms of the test duration to identify the onset of hydrogen
cracking or Kth, fatigue pre-cracking and realisation of plane strain
conditions. Constant loading was applied for twelve hours to si-
mulate the time delayed nature of the IHAC in a micro-scale
specimen. Unexpectedly, the fracture mechanics characteristics
derived from the present tests were found to be very different to
the corresponding values reported for conventional sized fracture
specimens.
2. Material and methods
Weld metal is an example of a material that typically consists of
diverse microstructural constituents with distinctive features and
mechanical properties. The properties of individual constituents
can only be revealed when testing small material volumes, and are
therefore not directly assessable with conventional methods of
mechanical testing [5,30]. It is well-known that the presence of
hydrogen can significantly compromise the structural integrity of
the weld metal (as well as of the heat affected zone). Hydrogen
Assisted Cold Cracking (HACC), which is a particular manifestation
of IHAC, is a well-known weld failure mechanism that may occur
after the deposited weld has cooled down to temperatures below
200 °C. A critical structural defect can be developed within min-
utes to even days after welding [31]. Due to its time delayed nature
the onset of Weld Metal Hydrogen Assisted Cold Cracking (WM
HACC) may be undetected and, eventually, result in catastrophic
failure.
2.1. Material-microstructural constituent
A weld metal specimen was sourced from API 5 L grade X70
samples welded with 4 mm diameter E6010 cellulosic electrodes.
The welding procedure is presented in details in [32]. Under these
welding conditions, the yield strength of the weld metal is ex-
pected to range between the yield strengths of the E6010 electrode
(420 MPa) and the X70 parent metal (480 MPa).
A localised region of the weld metal specimen consisting of
acicular ferrite was identified for further micro-fracture tests
(Fig. 1a and b). This microstructural constituent represents a
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particular interest for the weld metal integrity. Previous in-
vestigations reported that of all typical ferritic weld metal micro-
structures, acicular ferrite seems to have the most beneficial im-
pact on the strength, toughness as well as the HACC resistance of
welded joints [33,34]. This was mainly related to a small grain size
and high density of high angle grain boundaries, which apparently
increase the resistance to cleavage like fracture and simulta-
neously acts as a hydrogen trap, thereby preventing the hydrogen
to diffuse to more HACC susceptible regions [34].
2.2. FIB fabrication of the micro-cantilevers
The fabrication of the micro-cantilevers within the selected
region was accomplished with a FEI Helios Nanolab 600 Dual
Beam™ FIB. The first step of the process was to mill three trenches
with a stair step pattern mode for each micro-cantilever using an
intense ion beam current density (21 nA/30 kV). The sample was
tilted 90° with respect to the incident ion beam. The ratio between
the final specimen length and trench depth had to be selected
appropriately to ensure that the deflected cantilever do not touch
the bottom of the trench during loading. In this case the trench
depth was 50 mm and the final cantilever length was 75 mm. For
the second step of the fabrication process an ion beam with a less
intense current density (2.8 nA/30 kV) was used to mill (polish)
the sidewalls. The sample was then tilted 45° to the incident ion
beam to cut the bottom of the micro-beam. The operation was
then repeated on the other side to create a symmetric pentagonal
profile. Finally, a stair step pattern and an ion beam with a very
low intensity (0.46 nA/30 kV) were utilised to mill a sharp notch of
8 mm depth, 16 mm away from the beam support. Fig. 2 shows the
final geometry of a typical notched micro-cantilever fabricated out
of the selected microstructure. The ion-induced secondary elec-
tron image reveals that the entire volume of the fabricated micro-
cantilever consists predominantly of acicular ferrite (Fig. 2a).
Fig. 2b shows the detailed dimensions of the sample. Preliminary
micro-fracture tests of three cantilevers with slightly different
dimensions fabricated within acicular ferrite [35] had demon-
strated a reproducible behaviour. On this basis, two cantilevers
were manufactured for the purpose of the current study. One
cantilever was charged with hydrogen and then mechanically
loaded; the other specimen was tested under as-fabricated (un-
charged) conditions and was utilised as a reference. The deviations
of the dimensions between the individual micro-cantilevers were
within 7100 nm range.
The lattice damage caused by FIB milling and imaging was
evaluated using the program TRIM 2013 [36]. Simulations were
generated for 30 kV Gaþ ions impinging at an incidence angle of
0° (imaging) and at a glancing angle of 89° (milling of the side-
walls) onto the surface of an iron target. The distributions were
calculated for 1000 ions for each of the incidence angles. The






Fig. 2. (a) ion-induced secondary electron image reveals that the entire volume of a fabricated micro-cantilever consists of acicular ferrite, (b) dimensions of the micro-
cantilever.
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lattice damage caused by FIB milling and imaging was respectively
evaluated to approximately 20 nm and 30 nm in material's depth.
These simulations were consistent with the maximum damaged
layer measured by TEM and Auger electron spectroscopy on cop-
per under perpendicular ion impact at 30 kV (approximately
50 nm) [37]. The size of the damaged layer was negligible with
respect to the dimensions of the micro-cantilevers and was,
therefore, expected have no significant effect on the mechanical
properties of the fabricated specimens [37,38].
2.3. EBSD data collection and processing
EBSD was applied to obtain a detailed quantitative character-
isation of grain size, grain boundary misorientation, texture, and
phase identity within the selected region. EBSD data was directly
collected from the plane on top of the micro-cantilevers using the
FEI Helios Nanolab 600 equipped with an EBSD detector (EDAX
Hikari™) and the EDAX OIM™ Data Collection and Analysis
5.2 software (TSL Co., Ltd.). Acceleration voltage of SEM beam for
the EBSD measurement was 20 kV and the beam current was
2.1 nA. The step size was 20 nm with a hexagonal scan grid. The
sample surfaces were polished using a semi-automatic LaboForce
polishing machine (Struers). The final polishing was achieved
using a porous neoprene disc with a colloidal silica suspension
(0.04 μm) prior to the micro-beam fabrication step.
2.4. Hydrogen charging
For the pre-charged sample, the as-fabricated micro-cantilever
was electrochemically charged with hydrogen for 90 min by ap-
plying a cathodic current density of 20 mA cm2 in a 0.05 M
H2SO4 solution. By using these parameters it was possible to
maintain the surface integrity of the specimen (Fig. 3).
The hydrogen electrochemical oxidation method was applied
to estimate the total amount of hydrogen absorbed during the
charging procedure [39–41]. The oxidation currents were obtained
by keeping the specimens at a potential of þ168 mVAg/AgCl in a
deaerated 0.2 M NaOH solution for 2 h. This potential, which is
higher than the hydrogen equilibrium potentials and lower than
the passive film breakdown potential of the metal, allowed the
oxidation reaction of the metal to be limited in this solution (see
the uncharged reference curve, Fig. 4), and the oxidation reaction
of hydrogen to be induced simultaneously. The total quantity of
the hydrogen absorbed ( )Q Habs by the weld metal can be thus ex-
pressed as:
∫= ( ) − ( ) = ( )⎡⎣ ⎤⎦Q I I Et t dt, at const. 1Habs H ref anodic0
t
where IH (t) is the oxidation current for the hydrogen charged
specimen and Iref (t) is the oxidation current for the specimen
without hydrogen (Fig. 4). According to Faraday's law, hydrogen
concentration, CH, is related to Q H






where F is the Faraday constant (96487 C mol1), v is the effective
volume of the specimen (in this case 0.5754 cm3) and z is the
number of electrons (z¼1). With the selected charging para-
meters, the hydrogen concentration in the specimen was thus
measured as 1.038106 mol cm3, which corresponds to
0.132 ppm.
All electrochemical tests were conducted with a Gamry inter-
face 1000™, using the specimens as the working electrode, a
platinum mesh as the counter electrode and a silver/silver chloride
electrode as the reference. All electrolytes used were prepared
with analytical grade reagents and distilled water. The experi-
ments were all performed at room temperature.
2.5. Stress intensity factor evaluation
An IBIS software controlled nanoindentation system (Fischer-
Cripps Laboratories Pty Ltd.) was used as a load cell to apply a
bending force near the free end of the notched micro-cantilevers,
while recording the load-deflection curves. The loading type was
displacement-controlled with a loading displacement rate of
0.02 mm s1 and a maximum displacement (beam deflection) for
uncharged specimen of 18.5 mm because of the limitations of the
instrument (nano-indenter). The selected indenter tip was sphe-
rical with a relatively large diameter of 40 mm to avoid penetration
Fig. 3. SEM images showing the as-fabricated and tested micro-cantilever beam: (a) prior to the hydrogen charging procedure and testing, (b) after hydrogen charging
procedure and testing (at the constant load of 14 mN) showing the conservation of the surface integrity despite the hydrogen charging procedure.
Fig. 4. Hydrogen discharging process under anodic polarisation (þ168 mVAg/AgCl)
in 0.2 M NaOH for the electrochemically charged specimen (at 20 mA cm2 for
90 min in 0.05 M H2SO4 solution) and the reference specimen (uncharged).
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and to minimise the local deformation in the contact area. The
measured displacements, therefore, were dominated by the beam
deflection rather than the deformation in the area of contact.
In order to simulate the time delayed nature of HACC, constant
loads (5 mN and 14 mN) were applied for 12 h to the hydrogen
pre-charged micro-cantilever.
The stress intensity factors KI corresponding to the pentagonal









where σ is the nominal stress, a is the notch depth (8 mm) and
( )F a b/ is a dimensionless shape factor, which is related to the
specimen geometry. For a cantilever subjected to a bending force,
P , σ can be calculated as:




where P is the applied load, L is the distance between the notch
and the point of loading on the cantilever (Fig. 2b), I is the mo-
ment of inertia of the beam cross section, and y is the vertical
distance between the upper surface and the neutral plane. I and y
were calculated using the following equations [25]:
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where b is the height of the parallel vertical face (18 mm) and w is
the width of the micro-beam (16 mm), (see Fig. 2b). The equation
for the dimensionless shape factor, F , was provided by Di Maio and
Roberts [25] who conducted extensive finite element simulations
for a wide range of specimen geometries and provided the fol-
lowing equation for ≤ ( )≤0. 3 0. 5a
b
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For the fabricated specimens (Fig. 2b), we have:
I¼1.5545108 mm4, y¼0.01112 mm, and F(a/b) ¼1.58 at a/
b¼0.44.
The applicability of Eqs. (3)–(7) to the current specimen geo-
metry was also verified with 3D linear-elastic finite element cal-
culations. These calculations demonstrated that the difference
between the numerical results and the analytical predictions is
less than 20%. For simplicity reasons the analytical approach was
selected for the quantitative analysis of the micro-scale testing
results. These results are presented in Section 4.
3. Results
3.1. EBSD characterisations
The microstructural features for the fabricated micro-canti-
levers were characterised via EBSD before hydrogen charging and
mechanical loading as presented below.
3.1.1. Comparison of the microstructural architecture
The Grain Diameter map in Fig. 5a and b highlights the mor-
phology and size distribution of individual grains according to
their Equivalent Circular Area Diameter (greeno5 mm or
redZ5 mm) for the uncharged and pre-charged micro-cantilevers
respectively. The histogram charts illustrate the distribution of the
Fig. 5. Superimposed Grain Diameter and Image Quality (IQ) map highlighting the distribution of acicular ferrite (green) and PF(I)þWF(I)þB(I) (red) for: (a) the uncharged
micro-cantilever, (b) the pre-charged micro-cantilever. The histogram charts illustrates the associated grain diameter distribution. Adjacent data points with misorientations
o5°were considered to be part of the same grain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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different grain diameters within the aggregate. The data was used
to determine the ratio between the percentage of acicular ferrite
(AF) and other ferritic phases of primary ferrite PF(I), Widman-
stätten ferrite WF(I) and bainite B(I) as well as the average grain
diameter of the micro-cantilevers, i.e. AFþPF(I)þWF(I)þB
(I) aggregate, (Table 1). The identification of the different phases
was based on the size and shape of the individual grains according
to the classification scheme for microstructures in steel welds
proposed by Thewlis [42]. The results show that for the pre-
charged micro-cantilever the proportion of acicular ferrite was
slightly higher and the average grain diameter consequently lower
than that for the uncharged micro-cantilever.
3.1.2. Comparison of grain boundary characteristics
The map in Fig. 6a and b highlights the grain boundary dis-
tribution of acicular ferrite in the uncharged and pre-charged
micro-cantilevers respectively. The main proportion of boundaries
were high angle boundaries (misorientation415°). The complete
absence of grains with misorientation differences in the approx-
imate range of 20–47° indicates that all the ferrite plates were
formed within the same prior austenite grain [43,44]. The com-
parison of the grain boundary misorientation distributions be-
tween the uncharged and the pre-charged micro-cantilever shows
no significant variations (Table 2).
The EBSD characterisations confirmed that the microstructure
was largely uniform across the specimens and the variations of the
microstructural features between the fabricated micro-cantilevers
were almost negligible.
3.2. Estimation of the acicular ferrite yield strength
The nano-indenter equipped with a Berkovich diamond tip was
used to measure the hardness and Young's modulus of the con-
sidered acicular ferrite region. Three indentation tests at a max-
imum load of 50 mN were conducted and the results were aver-
aged as follows. The Young's modulus, universal hardness and
Vickers hardness were measured as respectively: 195713 GPa,
3.3670.12 GPa and 317711 HV. An estimation of the yield
strength of the acicular ferrite can be made using the empirical
relationship between strength and hardness for X65 as derived in
[45]:
σ = + ( )2 HV 105, 8Y
which results in a yield strength of 740 MPa. The yield strength of
the acicular ferrite has been reported to be in the range of 480–
750 MPa [46–49]. The differences can be attributed to the steel
composition as well as the testing procedures.
3.3. Mechanical loading
Fig. 7 shows the load-deflection curves for the uncharged and
Table 1
Ratio between the phase transformation products and average grain diameter for





Uncharged specimen 86 14 3.2571.17
Pre-charged specimen 94 6 2.9771.05
Fig. 6. Superimposed Grain Boundary and IQ map for (a) the uncharged micro-cantilever, (b) the pre-charged micro-cantilever, revealing a large proportion of boundaries
with misorientation415°.
Table 2
Grain boundary length distribution (in mm).
0.5–15° Coincident site lattice Ʃ3 15–180°
Uncharged specimen 1120 216 1284
Pre-charged specimen 1191 331 1378
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pre-charged sharply notched specimens. The uncharged specimen
was loaded until failure. It was used to identify the critical failure
load and identify the range of loading conditions for the hydrogen
charged specimen. The hydrogen charged specimen was tested at
constant loads of 5 mN and 14 mN, which correspond to ap-
proximately 25% and 75% of the critical failure load for the un-
charged specimen, respectively. These loads, in accordance with
Eqs. (3)–(7), generated stress intensity factors values of respec-
tively 1.56 and 4.36 MPa m½. Each of these loads was applied ap-
proximately within five minutes after completion of the hydrogen
charging procedure and held constant for 12 h.
The traditional crack growth monitoring method based on the
measurement of specimen compliance [50] was not possible as
Young's modulus changed during the prolonged tests. In the
charged specimens Young's modulus was notably lower as in-
dicated by lower values of the slope of the linear part of the load-
deflection diagram (Fig. 7). During unloading after 12 h of holding
time, Young's modulus of pre-charged specimen has fully re-
covered to the corresponding value of the uncharged specimen.
This indicates that hydrogen largely diffused out of the sample
during the 12-h tests. Therefore, the crack growth (or absence of
the crack propagation) was carefully evaluated from fractographic
observations after the testing as presented below.
3.4. Fractographic observations
The fracture mode of the uncharged micro-cantilever was
ductile and resulted in severe blunting of the notch tip (Fig. 8a),
while an apparently brittle crack initiated from the notch tip of the
hydrogen pre-charged micro-cantilever tested at the constant load
of 14 mN (Fig. 8b and c). The crack length of 1.55 mm seemed
thereby to be insufficient to cause cross-sectional failure. The
fracture morphology of the crack was defined by tear ridges that
followed the direction of the crack propagation (Fig. 8d–f). The
opposing fracture surfaces matched thereby ridge to ridge. In ad-
dition, the high resolution secondary electron images in Fig. 8d–f
also reveal that the hydrogen charging introduced some minor
surface damage as evident in the regions adjacent to the crack
path. No cracks, plastic deformations, deflection or changes to the
original shape (Fig. 2) were observed for the pre-charged canti-
lever loaded at the constant load of 5 mN.





Fig. 8. Secondary electron images showing notch tip after testing for: (a) uncharged micro-cantilever, (b) pre-charged micro-cantilever, (c) pre-charged micro-cantilever at
higher magnification. Secondary electron images showing the fracture surface morphologies at: (d) crack initiation, (e) crack propagation, (f) crack arrest.
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4. Discussion
The outcomes of testing the HACC susceptibility of the acicular
ferrite are summarised in Table 3. This table also provides the
corresponding values of stress intensity factors as calculated using
the analytical approach presenter earlier (Section 2.5), as well as
the averaged crack growth rate as evaluated from fractographic
examinations.
From the conducted experiments it was not possible to identify
precisely the value of Kth. However, it can be stated that the
threshold value ranges between 1.56 and 4.36 MPa m1/2. This
identified range is significantly below the typical values of Kth for
low and medium carbon steels. Indeed, the threshold below which
crack does not grow in X70 weld metal charged with a similar
concentration of hydrogen has been reported to be around
147 MPa m1/2 [22]. In medium carbon steels having the values of
yield strength close to those of the weld metal and acicular ferrite
(i.e. between 580 and 830 MPa) the Kth was measured under
various testing conditions between 42 and 88 MPa m1/2 [18,19].
Similarly, for low carbon steels with yield strength values between
310 and 760 MPa the Kth laid typically between 37 and
78 MPa m1/2 [20,21]. Appears a Kth nevertheless exists at the mi-
crostructural level, as no cracking was observed at the constant
applied load of 5 mN and the hydrogen was largely diffused out of
the sample at the end of the test restricting further crack growth
assisted by hydrogen.
At applied loading above 10 mN the load deflection curves, for
both charged and uncharged specimens, demonstrate a non-linear
behaviour, which indicates that the near notch (crack) tip plastic
zone becomes significant with respect to the sizes of the micro-
cantilever. In this case non-linear fracture mechanics parameters,
such as J-integral or crack opening displacement could be more
appropriate for the characterisation of stress state near the crack
tip. Based on the ASTM E1820 standard [51] a procedure for the
evaluation of J-integral in micro-tests was provided in [50].
However, the stress intensity factor was used in our study as a
measure of the intensity of strain-stress field at the notch tip to
allow comparison with the corresponding values obtained from
standard (macroscopic) tests.
Since dissolved monoatomic hydrogen occupies a specific vo-
lume within interstitial lattice sites, it tends to migrate from
compressed to expanded regions within the crystal lattice until an
equilibrium concentration profile is established [52]. Hydrostatic
tensile stresses are hence a driving force for interstitial lattice
diffusion of hydrogen towards the dilatation zone, which is located
at the notch (crack) tip, where hydrogen may accumulate and
thereby incrementally degrade the localised fracture resistance of
the microstructure with time [53]. A sufficient level of hydrogen
concentration necessary for failure formation may thus only occur
periodically, in highly localised regions, explaining the slow crack
growth rate. In these microscopic regions, failure may then occur
either due to the formation of microvoids [2,14,54], or due to the
formation of miniscule cracks [11,12]. In both cases the crack
would propagate gradually due to ductile tearing (formation of
tear ridges, as observed in Fig. 8d–f) if the remaining ligaments are
too weak to accommodate the stresses. The crack growth rate was
measured to be several orders of magnitudes lower than it is ty-
pically reported at the macroscopic level. Indeed, the lower bound
values of subcritical crack growth near the threshold level were
reported at around 109 m s1 [18,21], and in our tests the crack
growth rate averaged over 12 h was as low as 3.591011 m s1.
A qualitative analysis of the load-deflection curves (Fig. 7) in-
dicates that the yield strength and Young's modulus of hydrogen
pre-charged specimen are lower. This implicates that hydrogen
had caused a notable decrease of the both properties of the aci-
cular ferrite microstructure since for charged specimens the slope
of the linear part of load deflection diagrams is notably smaller
and deviation from linear behaviour occurs much earlier. This
behaviour can be explained within the microscopic theories de-
veloped in the past. The HELP (Hydrogen Enhanced Localized
Plasticity) model (theory) [2,14] provides a rational explanation for
a decrease of the yield strength. This model postulates a hydrogen
enhanced dislocation mobility which in turn may promote mi-
croscopic plastic deformation at lower stress levels. Also, the AIDE
(Adsorption Induced Dislocation Emission) model [54] suggests
that the weakening of the inter-atomic bonds at the crack tip fa-
cilitates the injection of dislocations which results in an extensive
dislocation activity at the vicinity of the crack tip and may there-
fore also lead to a reduction of the localised yield strength. The
observed decrease of the Young's modulus is also consistent with
most of the previous results reported in the literature [21,55,56],
and it was attributed to the reduction of the cohesive energy of the
iron lattice [55].
5. Conclusion
This work for the first time has demonstrated that micro-
fracture tests can be successfully accomplished for an individual
microstructural constituent within a very small material volume,
pre-charged with hydrogen and under controlled loading condi-
tions. For acicular ferrite, the selected constituent in this study,
under pre-charged conditions with 0.132 ppm of hydrogen, it was
found that:
– The threshold stress intensity factor, Kth, of acicular ferrite
sourced from weld metal is well below the corresponding
threshold for weld metal, low and medium carbon steels having
similar yield strength levels. The Kth values to initiate fracture
propagation in acicular ferrite is measured between
1.56 MPa m1/2 and 4.36 MPa m1/2, which is almost one and two
order of magnitude lower than for carbon steels and weld metal,
respectively. This finding is very intriguing as acicular ferrite is
normally considered to be particularly beneficial for the strength
and fracture toughness as well as for the WMHACC resistance of
welded joints. However, the latter consideration was based on
outcomes of testing macro-samples incorporating acicular fer-
rite together with other constituents rather than on a micro-
samples fully consisting of this microstructural constituent [34].
– The crack growth rates in the vicinity of the threshold, appear to
be significantly lower than those reported from the previous
macroscopic tests.
– The yield strength and the elastic modulus decreased with the
presence of hydrogen, which is consistent with the most of
previous macro- and micro-results reported in the literature.
In summary, the main outcome of the conducted tests is the
demonstration that subcritical hydrogen cracks can grow at the
micro-scale at stress intensity factors well below the stress in-
tensity factor threshold measured with conventional tests at the
macro-scale. It seems that all fracture toughening mechanisms
may not be fully activated at the micro-scale. These mechanisms
Table 3
Summary of the micromechanical test parameters and results for acicular ferrite
charged with 0.132 ppm of hydrogen.
Load
(mN)
s (MPa) KI (MPa m1/2) Crack
growth
Averaged crack growth rate
(m s1)
5 198.1 1.56 no –
14 550.8 4.36 yes 3.591011
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may include roughness or plasticity induced closure, which cannot
be developed in micro-samples due to the limited crack growth
increments [57].
This study was only limited to acicular ferrite as the main
purpose was to demonstrate the possible miniaturisation of IHAC
fracture testing at the scale of individual microstructural con-
stituents. The comparison of HACC resistance of diverse micro-
structural constituents was beyond the scope of the current paper.
However, the presented method can be applied to different types
of materials and microstructures to study the susceptibility of in-
dividual constituents to hydrogen cracking as well as to probe the
change of their intrinsic mechanical properties. These studies will
contribute to the understanding of the fundamental micro-
structural factors that control the IHAC susceptibility of many
metals and alloys and thus enable the design of more IHAC re-
sistant materials through microstructural engineering by avoiding
IHAC susceptible microstructural constituents and promoting IHAC
resistant ones.
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